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1. Introduction  
 
The planet has experienced severe land use changes within the last few centuries (Foley et 
al. 2005; Lambin & Meyfroidt 2011). In developed countries, a majority of the changes 
occurred already in the 19th and 20th century, whereas in developing countries the transition 
is currently ongoing (Billsborrow & Ogendo 1992; Lambin & Meyfroidt 2011). In 
developing countries population growth, poverty and the expansion of agricultural lands 
have resulted in vast deforestation at the expense of environmental conditions (Lambin et 
al. 2003; Foley et al. 2005; Li et al. 2007; Maitima et al. 2009). For example in sub-Saharan 
Africa, 16 % of forests and 5 % of open woodlands and bushlands were lost as result of an 
agricultural expansion between 1975 and 2000 (Brink and Eva 2009). Extreme examples 
can be found in the Eastern highlands of tropical and subtropical Africa, where the cool 
and moist orographic climate creates favorable conditions for agricultural expansion 
(Olson et al. 2004; Soini 2005; Maeda et al. 2010).  
Population growth and land use changes set pressure on the availability of ecosystem 
services and natural resources, such as fresh water (MEA 2005; Hohenthal 2015). Soil 
forms the largest free fresh water storage on planet (UNEP 2015). Infiltration is a 
hydrological process in which water that reaches the soil surface enters the soil (Dingman 
1994). The soil’s capability to infiltrate water plays an important role as it together with 
the depth of the soil body defines the quantity of water that the soil can store (Ward & 
Robinson 1989). To maximize the potential of a groundwater reservoir in a continually 
changing environment it is extremely important to understand the factors controlling the 
infiltration process. This is of course particularly important in areas dependent on 
groundwater reservoirs and that are dealing with water scarcity (Tweed et al. 2007; Braune 
& Xu 2010; Neris et al. 2012). Climate change is predicted to change current hydrological 
patterns and increase the amount of people facing water scarcity (Vörösmarty et al. 2000; 
Oki & Kanae 2006). 
The effect of land use on infiltration has been studied broadly but due to the increasing 
water scarcity and difficult accessibility, the amount of infiltration studies conducted in the 
highlands of East Africa is low (Mwendera & Saleem 1997; Yimer et al. 2008). The Taita 
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Hills (3°25´ S, 38°20´ E) are a tropical highland environment in southeastern Kenya 
famous for their high level of biodiversity and endemic forms of life (Myers et al. 2000; 
Shäfer et al. 2016). The Taita Hills capture a great deal of humid air masses originating 
over the Indian Ocean and receive therefore partly over three times as much rainfall than 
the surrounding savannah plains (Erdogan 2011). For this reason the Taita Hills are often 
referred to as water towers that provide water not only to the people living in the hills, but 
also the people living in the surrounding lowlands, who are highly dependent on the 
moisture originating in the Taita Hills (Hohenthal 2015). 
The Taita Hills area, as the other tropical highlands of East Africa, has gone through 
extensive land use changes as a result of rapid population growth and the resulting 
increasing need for agricultural land (Soini 2006; Maeda 2010; Pellikka et al. 2013). Today 
in the Taita Hills only a few native forest patches are left surrounded by human settlements, 
agricultural lands and exotic forest plantations (Pellikka 2013). These native forest patches 
have been discovered to play an important role in e.g. capturing moisture and carbon 
(Heikinheimo 2015; Helle 2016). Although there is a great interest to assess the effect of 
land use changes on water storages, the effect of land use on infiltration is it yet to be 
examined in the Taita Hills. 
The objective of this study was to assess the effects of land use on infiltration rates in Taita 
Hills, and see whether the effects can be explained by the changes in soil properties. This 
study is to answer the following questions 
  
1) Does land use effect infiltration rates in Taita Hills, Kenya?  
2) Can the effects be explained by changes in soil properties? 
 
Another objective of this study was to examine the capability of several popular infiltration 
models to explain observed infiltration data. The discovery of a suitable infiltration model 
could possibly decrease the need of time and water consuming field measurements and 
therefore help future researchers conduct infiltration studies within areas similar to the 
Taita Hills. Thus this study is also to answer the following question 
 
3 
 
3) Which infiltration model is most suitable to model the infiltration process under 
different land use types in Taita Hills, Kenya? 
 
 
2. Infiltration process 
 
Water is in continuous movement between the atmosphere, biosphere and lithosphere 
(Dingman 1994). Infiltration is the process in which water that reaches the soil surface 
enters the soil body mainly due to precipitation or irrigation. Infiltration is an important 
part of the hydrological cycle, since about 75% of the water that reaches the ground 
infiltrates into the soil (L’vovich 1974).  After water enters the soil it either evaporates 
back to the atmosphere, is used up by vegetation and is released back to the atmosphere 
via transpiration, stays in the soil as soil water or continues deeper in the soil until it reaches 
the ground water reservoir (Figure 1). 
 
 
Figure 1. Infiltration is the process in which water that reaches the soil surface enters the 
soil body (a). After water enters the soil it either evaporates back to the atmosphere (b), is 
used up by vegetation (c) and is released back to the atmosphere via transpiration, stays in 
the soil as soil water (d) or continues deeper in the soil until it reaches the ground water 
(e). 
 
(a) (b) 
(c) (d) 
(e) 
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Infiltration is controlled by physical laws and soil properties and processes (Saxton et al. 
1986; Kutílek 2004; Fischer et al. 2014). The two main physical forces that affect the 
movement of water in the soil are gravity and capillary action. Gravity is a natural 
phenomenon that causes an attraction between masses. On Earth gravitational forces cause 
all material, also water, to strive towards the center of the planet. The strength of the 
vertical water flow depends, in addition to the amount of water flowing, on the resistance 
that the soil properties set to the water flow. Hence, for example, gravity drainage is 
stronger in soil matrix’ that possess large and continuous pores than in soils that contain 
small and tortuously distributed pores (Figure 2b).  Capillary action is a result of 
the adhesive intermolecular forces between a liquid, such as water, and a solid surface, 
such as soil grains, being stronger than the cohesive intermolecular forces between water 
molecules.  
To understand the capillary action occurrence in a soil medium, soil pores can be imagined 
as small pipes. The smaller the pipe the stronger the capillary action due to the large solid 
area compared to water surface area. Vice versa in large pores, capillary action is less 
strong due to the low solid area compared to water area. Hence capillary action is stronger 
in soils with fine pores than in soils with coarse pores. In the context of infiltration, the 
main result of capillary action is that it, in unsaturated conditions, causes water to flow in 
all directions – not only vertically, like gravity drainage (Figure 2a).  
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Figure 2. Capillary action is strongest in soils that contain fine pores and causes water to 
flow in all directions (a). Gravity drainage is strongest in soils that contain large pores and 
causes water to flow primarily vertically (b). 
 
The saturated infiltration rate of a given soil medium can theoretically be solved by Darcy’s 
law (Darcy 1856). Darcy’s law describes the flow of a fluid, such as water, through a 
porous medium, such as soil. Darcy’s law states that the movement of water is directly 
proportional to the soil’s hydraulic conductivity and the pressure drop over a given flow 
distance. Darcy’s law expresses the water flow in saturated soils as follows  
 � =  ܭܣ ∆ℎܮ  
 
in which q is the water flow, K is the hydraulic conductivity, A is the cross-sectional area 
of the flow,  ∆ℎ is the pressure drop and L is the length of the flow. Hence, if all of the 
formerly mentioned factors are known, Darcy’s law provides an easy solution to solve the 
saturated infiltration rate. However, soil media is rarely homogenous and therefore the 
hydraulic conductivity of a soil is often difficult to define (Weiler & Naef 2003, Kim et al. 
2004). To assess the hydraulic conductivity of a soil medium, detailed information about 
the soil’s structural characteristics is needed. In greatest importance are the size, shape, 
(b) (a) 
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connectivity and tortuosity of soil pores, as they define the dynamics of the water flow 
channels (Beven & Germann 1982, 2013; Kutílek 2004).  
Two groups of pores can be separated in regard to their size. The smallest pores, 
micropores, form the largest proportion of the total soil pore volume but due to their small 
size, are considered less important in regard to their effect on water flow rates (Beven & 
Germann 1982, 2013). The occurrence and characteristics of macropores draw more 
attention as they, when located continuously within a soil medium, form low resistance 
water flow channels that increase infiltration rates (Beven & Germann 1982, 2013; 
Ghestem et al. 2011; Xin et al. 2016). These water flows, which are notably faster than the 
flows in the surrounding soil matrix, are referred to as preferential water flows (Figure 3). 
The soil properties that have direct and indirect impacts on soil pore dynamics and the 
formation of preferential water flow channels are discussed further in chapter 3. Soil 
properties that control infiltration. 
 
Figure 3. Under saturated conditions, water flows evenly in structurally homogenous 
soils (a), whereas in structurally heterogenic soils water flows faster in large continuous 
pores (b).  
 
 
 
 
 
 
(a) (b) 
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3. Soil properties that control infiltration 
 
Soil properties are often classified as soil textural and structural properties. Soil texture 
describes the grain size distribution, whereas soil structure describes the arrangement of 
soil particles within a soil medium. In this chapter, the effect of soil’s textural and structural 
properties on soil structure and infiltration are reviewed.    
 
3.1 Grain size distribution 
 
Grain size distribution describes the relative proportion of different sized mineral soil 
particles (e.g. clay, silt, sand and gravel particles) within a soil sample. The grain size 
distribution of a soil medium is subject to the surrounding geological history and 
geomorphological processes that weather, transport and stack soil masses (Jenny 1994). 
Unsorted soils, which consist of several different sized soil particles, are transported and 
stacked by e.g. continental glaciers, whereas sorted soils, which consist of mainly one 
particle size, are transported by e.g. wind or water (Boulton 1978; Bridge et al 1992; Gong 
et al 2003). The effect of grain size distribution on infiltration is caused by the fact that 
different sized mineral grains are surrounded by different sized and shaped pore space 
(Saxton et al. 1986, Figure 4). Although fine-grained soils possess higher total porosity 
than coarse-grained soils, the high resistance of fine pores to gravity drainage results in a 
lower hydrological conductivity in fine-grained soils than coarse-grained soils (Coduto 
1999). Vice versa coarse-grained soils are subject to high hydraulic conductivities due the 
low resistance of large pores to gravity drainage. Unsorted soils are attributed to low 
hydraulic conductivities as the space between coarse grains is filled by fine grains (Hendry 
1982). 
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Figure 4. The size and shape of soil pores depends on the grain size distribution. Sorted 
fine textured soil (a), sorted coarse textured soil (b), unsorted soil (c).  
 
The hydraulic conductivity of a soil can be calculated based on soil texture and thus 
defining the grain size distribution offers a simple solution to predict infiltration, via e.g. 
Darcy’s law. Hydraulic conductivities of several soil textural classes are presented in 
Figure 5. However, soil texture rarely controls infiltration alone, and the soil hydraulic 
conductivity is often more dependent on soil structural characteristics (Taylor 2009; Yimer 
et al. 2008; Osuji et al. 2010; Mazaheri & Mahmoodabadi 2012; Fischer et al. 2014). 
Nevertheless, soil texture often affects soil structural characteristics and hence indirect 
effects on infiltration can be acknowledged. For example soils with high clay content are 
associated with higher structural stabilities than soils with a more coarse grain content 
(Ben-Hur et al. 1985; Oades 1993; Jarvis & Messing 1995; Fischer et al. 2014). Soil 
structural stability further contributes to the development of soil biological activity and 
aggregation, which affect pore size, shape, connectivity and tortuosity, and hence, soil 
hydraulic conductivity and infiltration (Tistall & Oades 1982; Oades 1993; Franzluebbers 
2002). 
(a) (b) (c) 
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Figure 5. The hydraulic conductivity (cm/s) of several soil textures (Coduto 1999, mod. 
Amanda Cardwell). 
 
 
3.2 Organic components 
 
Soil organic matter is decomposed material originating in the surrounding living organic 
components (Wild 1993). Soil organic matter is found in several levels of decomposition, 
the lowest being visible plant and animal tissue and highest being decomposed humus. In 
nature, the amount of soil organic matter is generally related to the quantity and quality of 
living biomass within and above it (Quideau 2001; Yimer et al. 2006). In general, the top 
10 cm of the soil usually contains about 1-3 % carbon. The inputs of other soil organic 
compounds (e.g. oxygen, hydrogen (H), Sulphur (S), nitrogen (N), phosphorus (K), 
calcium (Ca) and Magnesium (Mg) are usually notably smaller, often less than 0.5 %. Soil 
organic matter has multiple effects on soil structure: soil organic matter provides energy, a 
habitat and a substrate for a large diversity of biological activities that further contribute to 
soil structural properties and soil aeration, which increase soil hydraulic conductivity and 
hence infiltration rates (Franzluebbers 2002; Lado et. al 2004a; Yimer et al. 2008). For 
example soil fauna is often primarily controlled by soil organic matter, and soil roots and 
soil aggregation often also reflect the organic matter content of a soil body (Aubertin 1971; 
Beven & Germann 1982; Buttle & House 1997; Bartens et al. 2008). 
 
1,00E-10	 1,00E-09	 1,00E-08	 1,00E-07	 1,00E-06	 1,00E-05	 1,00E-04	 1,00E-03	 1,00E-02	 1,00E-01	 1,00E+00	 1,00E+01	 1,00E+02	
Gravel	
Gravel	sand	
Coarse	sand	
Fine	sand	
Silt	sand	
Clay	sand	
Silt	
Clay	
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Soil fauna can be classified as micro-, meso- and macrofauna according to the their body 
lengths of less than 0,1 mm, 0,1 to 10 mm and over 10 mm, respectively (Wild 1993), the 
effect of macrofauna on soil structural characteristics being greatest (Lal 1988). Soil fauna 
has a strong influence on soil structure as is consumes, discharges and relocates organic 
material (Lee & Foster 1991; Amezketa 1999).  The movement of soil macrofauna creates 
complex continuous macropore channel systems that act as preferential flow channels 
during rain events and soil saturation, resulting in high soil hydrologic conductivity and 
infiltration rates (Mando et al. 1996; Weiler & Naef 2003; Giertz et al. 2005; Savadogo et 
al 2007; Figure 7). For example the effect of termites (Mando et al. 1996; Léonard & Rajot 
2001), ants (Cerda 2008) and earthworms (Weiler & Naef 2003; Fischer et al. 2014) on 
infiltration have been studied broadly, results suggesting higher infiltration rates in soils 
with high faunal activity. Soil fauna also improves soil aeration and soil structural 
conditions (Winsome & McColl 1998) and is important for soil aggregation (Bronick & 
Lal 2005), which further contribute to infiltration. Some studies however state that soil 
faunal activity can also result in the breakdown of aggregate binding components and 
therefore weaken soil structural stability (Schrader & Zhang 1997).  
Soil structure and infiltration are also controlled by root growth (Weiler & Naef 2003). 
Root biomass is closely related to the nearby aboveground biomass (Litton et al. 2003) but 
root properties, such as root length, diameter and density, differ widely by vegetation type 
and plant species (Canadell et al. 1996; Nagase & Dunnett 2012). The diversity of root 
systems form complex and dynamic networks of living biomass that stabilize and aerate 
the surrounding soil matrix (Bronick & Lal 2005; Czarnes et al. 2000). The daily and 
annual changes in soil temperature and moisture cause roots to shrink and expand in time 
resulting in macropore channel networks of different scales, which act as preferential flow 
channels during saturated conditions (Figure 7). Root growth therefore increases 
infiltration, the rate of infiltration increasing with an increase in root system size (Devitt & 
Smith 2002; Fischer et al. 2014; Li et al. 2013; Bodner et al. 2014). The area that surrounds 
the roots, the rhizosphere, is a biologically active area favorable for macropore creating 
soil fauna due to the presence of air, water and soil organic matter (Czarnes et al. 2000). 
Root growth also increases soil aggregation, which further aerates and stabilizes the soil 
profile (Tisdall & Oades 1982; Bronick & Lal 2005). In addition to the root channels of 
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living trees, the root channels of dead trees also act as routes for preferential flows. 
Especially in fine textured soils, old root channels can be abundant for notable period of 
times (Aubertin 1971). 
Infiltration is also controlled by soil aggregation (Lado et al. 2004b; Osuji et al 2010). Soil 
aggregates are agglomerates of clay, silt and sand particles that are bound together by 
organic matter, bacteria, fungus and fine roots (Tisdall & Oades 1982). Soil aggregates 
generally occur on the top layer of soils that are rich in organic matter and clay 
(Franzluebbers 2002; Carminati et al. 2008). The development of soil aggregates is 
triggered by physical, chemical and biological processes of soil (Tisdall & Oades 1982). 
For example root growth, combined with the processes linked to the wetting and drying of 
soil during and after rainfall events, cause soil aggregation (Tisdall & Oades 1982; Horn 
& Smucker 2005). Soil aggregation is important for soil structural stability and aeration, 
and is also often linked to high infiltration rates (Boyle et al. 1989; Lado et al. 2004b; Celik 
2005). This is due to inter-aggregate macropores, which form continuous vertical pore 
channels that support higher infiltration rates than the surrounding soil matrix (Morin et al. 
1989; Cerda 1996; Figure 6; Figure 7). The lack of vegetative cover and the exposure of soil 
to high intensity rainfalls can result in the breakdown of soil aggregates and soil sealing 
(Rawls et al. 1993; Franzluebbers 2002). Soil sealing is a phenomenon in which soil surface 
seals as soil particles detached of degrading soil aggregates fill soil pores. Surface sealing 
decreases infiltration, resulting in increases in runoff generation (Morin et al. 1981; 
Magdoff & van Es 2010; Figure 6). 
 
Figure 6. Soil aggregation increases infiltration through inter-aggregate macropores (a). 
The degradation of aggregates leads to surface sealing, which increases runoff generation 
(b).  
(a) (b) 
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Figure 7. Soil fauna (a), root growth (b) and soil aggregation (c) form continuous soil pore 
structures, which act as preferential flow channels and increase infiltration during saturated 
conditions. 
 
3.3 Bulk density 
 
Soil bulk density describes the weight of soil material within a given volume. Soil 
properties affecting bulk density are soil texture, soil organic matter and soil porosity 
(Prieksat et al. 1994). Land use also controls soil bulk density (Islam & Weil 2000; Celik 
et al. 2005). Soils with low bulk density are often linked to well-aggregated, organic and 
undisturbed forest soils, which are also often subject to high macroporosity (Aubertin 1971; 
Al-Dousari et al. 2000; Franzluebbers 2002; Celik 2005). Low bulk density soils are 
favorable for soil fauna and root growth, which further aerate the soil profile (Mando et al. 
1996; Weiler & Naef 2003; Winsome & McColl 1998). 
High soil bulk density values are often found in soils that lack a protective canopy cover 
(Reiners et al 1994; Hartanto et al. 2003). As discussed in chapter 3.2. Organic 
components, canopy covers protect soil surfaces from aggregate degradation and surface 
sealing, which lead to soil compaction and high bulk density levels (Bari et al. 1993; 
(a) 
(b) 
(c) 
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Franzluebbers 2002). High bulk densities can also be a result of the exposure to heavy loads 
and pressure due to land use practices (Al-Dousari et al 2000; Savadogo et al. 2007).  
Due to the reflectance of structural stability, biological activity and soil aeration, soil bulk 
density gives a good indication of soil pore dynamics and the possible occurrence of 
preferential flow channels. Soils with high bulk densities are often subject to low 
infiltration rates, whereas soils with low bulk density to high infiltration rates (Meek et al. 
1992; Mwendera & Saleem 1997; Celik 2005, Yimer et al 2008, Neris et al. 2012). Soil 
bulk density is often suggested as one of the most important infiltration increasing soil 
properties (Yimer et al. 2008; Osuji et al. 2010; Neris et al. 2012). 
 
3.4 Soil moisture 
 
Soil moisture describes the amount of water that is retained between soil particles above 
the groundwater table. The spatial and temporal variation of soil moisture is influenced by 
climate, topography and soil textural and structural properties (Owe et al. 1982; Grayson 
et al. 1997). Soil moisture is an important variable in understanding a great range of 
hydrological processes, such as runoff, flooding, solute-transport and infiltration (Hawley 
et al. 1983; Saxton et al. 1986; Qiu et al. 2001).  
Several studies have found positive correlation between initial soil moisture and infiltration 
(Slater 1957; Azooz & Arshad 1996; Saxton et al. 1986). Other studies found no significant 
relationship with initial soil moisture and steady state infiltration rates, suggesting however 
that initial soil moisture affects infiltration rate until steady state infiltration rates are 
reached (Blackburn 1975; Návar & Synnott; Fischer et al. 2014). According to these studies 
steady state infiltration rates are reached faster in soils with high initial soil moisture 
contents (Návar J. & Synnott). Although no direct impacts on steady state infiltration rates 
are commonly suggested, indirect impacts can be recognized as soil moisture is key soil 
variable for a variety of soil properties and processes, such as soil organic matter, root 
growth and soil faunal activity (Pastor & Post 1986; Wild 1993; Laio et al. 2001).  
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4. Land use and Infiltration 
 
The world population has grown from about 2.5 billion in 1950 to over 7.5 billion in 2017 
(UN 2017). Robert Malthus (1766-1834) argued that due to the exponential nature of 
population growth and the arithmetical nature growth of food production, the population 
growth was to lead to a Malthusian catastrophe. The theory of Malthus was later abrogated 
as food production was successfully intensified by the development of more productive 
crops and fertilizers. Agricultural lands however still cover about one third of the world’s 
land surface (Foley et al. 2005). The conversion of forested land to agricultural purposes 
has resulted in changes in natural Earth systems (Matson et al. 1997; Murty et al. 2002; 
Bruijnzeel 2004; Nugroho et al. 2013). This chapter reviews the effect of forests, 
cultivations and grazing lands on soil structure and infiltration in tropical conditions. It has 
been noted that land use does not affect soil texture and therefore the effect of land use on 
texture is not discussed (Taylor et al. 2009; Osuji et al. 2010). 
Tropical forests are typically characterized by dense canopy covers, which protect soils 
from erosion and soil degradation (Rawls et al. 1993; Islam & Weil 2000; Giambelluca 
2002). Dense canopies also block radiation from reaching the soil surface, keeping tropical 
forest soils relatively cool and moist (Baver et al. 1972; Hennessy et al. 1985; Belsky et al. 
1989; Yimer et al. 2008). On the other hand, and high evapotranspiration rates can also 
result in low soil moisture contents compared to other land use types (Tallaksen 1993). 
Tropical forests are also characterized by deep and complex root networks (Canadell et al 
1996). The decomposing of litter, roots and other organic components bring high organic 
matter inputs to forest soils (Lepsch et al. 1994; Jiménez et al 2006; Yimer et al. 2006). As 
stated earlier, high organic matter contents are generally associated with high faunal 
activity (Wahl et al. 2003) and soil aggregation (Tisdall & Oades 1982; Six et al. 2000). 
Due to the high organic matter content, complex root network, high biological activity and 
high level of aggregation, the topsoil’s of forest floors are often porous and infiltration rates 
are high (Wood 1971; Cerda et al. 1998; Wahl et al. 2003; Celik 2005). 
When forests are converted to cultivations, the vegetation is removed. The loss of 
vegetation cover reduces rainfall interception resulting in more rainfall reaching the soil 
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surface. This causes damage to several soil structural properties, such as soil aggregation 
and macroporosity, and sets higher susceptibility of topsoils to erosion and surface sealing 
(Morin et al. 1981; Rawls et al. 1993; Franzluebbers 2002; Magdoff & van Es 2010). In 
addition the removal of vegetation decreases the input of organic matter to the soil (Lepsch 
et al. 1994; Jiménez et al 2006; Yimer et al. 2007). The decrease of soil organic matter 
results in decreases in soil faunal activity and aggregation and increases in soil bulk density 
(Tisdall & Oades 1982; Cerda et al. 1998; Plante & McGill 2002; Neris et al 2012). The 
loss of vegetation cover also results in losses in living root channel networks, which further 
leads to losses in soil structural stability, faunal activity and soil macroporosity.  
In addition to the removal of vegetation, tillage – the preparation of soil for cultivation via 
modifying the soil in varying methods – causes changes in soil structural properties. One 
of the purposes of tillage methods is to aerate the soil for maximal water infiltration to 
topsoil layers, resulting in abundant water availability for crops. Tillage methods however 
disturb existing continuous pore structures, and therefore decreases infiltration rates 
(Kooistra et al., 1984; Meek et al. 1992). The losses of soil structural stability, aggregation, 
organic matter, faunal activity and root growth as result of the removal of vegetation and 
the losses in soil pore sizes and continuity as a result of the changes in land use activities, 
the conversion of forest to cultivations generally leads to reductions in preferential flow 
channels and hence, decreases in infiltration rates (Logan et al. 1991; Warkentin, 2001; 
Giertz et al. 2005). 
The conversion of native forests to grazing lands also results in changes in soil structural 
properties. The lack of vegetation cover, as previously discussed, leads to the exposure of 
soils to exogenous processes resulting in soil structural degradation, topsoil erosion, topsoil 
sealing (Hillel 2004), soil compaction (Bari et al. 1993) and decreases in soil aggregation, 
root growth, faunal activity, organic matter input and macropore space (Lepsch et al. 1994; 
Neill et al 1997; Jiménez et al 2006; Yimer et al. 2007). To distinguish a difference with 
cultivated lands, the human soil modifying activities occurring in cultivations are replaced 
by trampling grazing animals in grazing lands. Animal trampling causes soil compaction 
and losses in aboveground biomass, which results in losses in preferential flow channels 
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and hence, infiltration rates (Bari et al. 1993; Mwendera & Saleem 1997; Savadogo et al. 
2007).  
Several studies have compared the infiltration characteristics in forests, cultivations and 
grazing lands. Studies conducted in Tenerife, Spain, found soils under natural forests to 
have higher infiltration rates than soils under other land use types due to the high organic 
matter content, low bulk density, high soil structural stability, high level of aggregation 
and favorable pore size distribution (Poulenard et al. 2001; Jimenez et al. 2006; Neris et al. 
2012). A study conducted in the highlands of Ethiopia reported higher infiltration rates in 
forests than in croplands and grazing lands, suggesting changes in bulk density as a result 
of animal trampling and the loss of soil organic carbon as likely factors causing the 
reduction in infiltration rates (Yimer et al. 2008). This study however found no significant 
differences between the infiltration rates of grazing lands and cultivations. Also Celik 
(2005) found higher infiltration rates in forest soils as compared to cultivations and grazing 
lands, explaining the differences by changes in soil structural stability. In this study 
infiltration rates were found higher in grazing lands than in cultivations. In the study by 
Taylor et al. (2009), conducted in New Zealand, infiltration rates of forests were discovered 
to be over ten times higher than in grazing lands, explaining differences by the changes in 
macroporosity.   
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5. Study area and experimental design 
 
5.1 The Taita Hills 
 
The Taita Hills (3°25´ S, 38°20´ E) are a Precambrian set of mountains located in Southeast 
Kenya, which form the most northern parts of the Eastern Arc Mountain range located in 
East Africa (Figure 8). The Taita Hills, surrounded by the extensive Tsavo plains, rise up 
to 2200 meters above sea level and cover a land area of about 850 km2. Due to the 
movement of the intertropical convergence zone (ITCZ) and the orographic uplift of humid 
air masses originating over the Indian Ocean, the windward side of the Taita Hills receive 
two rainy seasons per year, the first one occurring from March to May, and the second one 
from November to December. The total annual rainfall varies from 500mm in the plains 
and 1500mm in the hills (Erdogan et al. 2011). Due to the isolated location, the Taita Hills 
are habituated by a broad range endemic animal and plant species, and are hence considered 
as one of the world’s 25 biodiversity hotspots (Myers et al. 2000). 
 
Figure 8. The Taita Hills (3°25´ S, 38°20´ E) are a Precambrian set of mountains located 
in Southeast Kenya, which form the most northern parts of the Eastern Arc Mountain 
range located in Southeastern Africa. (World map: ESRI 2017; Satellite photo: ESA 
2015) 
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The population of the Taita Hills area has grown dramatically from nearly 90 000 in 1962 
to over 280 000 in 2009 (KNBS 2010). Due to the two rainy seasons and good water storing 
facilities, the Taita people have a good basis to practice agriculture when compared to 
people living in the nearby lowlands (Soini 2006). For this reason a majority of the 
highlands have been converted to serve agricultural purposes and according to one theory, 
only 2 % of the native forests remain today (Newmark 1998). These native forest patches 
are distributed in a scatter of four larger indigenous forest plots and several smaller native 
forest fragments (Pellikka 2013). Luckily the negative impacts of deforestation were noted 
already in the 1970’s, after which extensive reforestation projects and indigenous forest 
conservation programs were established (Himberg et al. 2009). This development can be 
seen in e.g. the findings of Pellikka et al. (2009), which state that although the indigenous 
forest cover decreased by 50 % between 1950 and 2004, the total forested area decreased 
only by 2 % due to the large-scale planting of exotic tree species.  
Despite the reforestation and forest conservation programs, produced land use change 
scenarios for year 2030 predict further increases in agricultural lands (Maeda et al 2010; 
Figure 9), although a slowing trend has also been recognized (Heikinheimo 2015). As the 
highlands are getting crowded and land for practicing agriculture is limitedly available, the 
lowland population has also begun to grow fast (Kenya 1997; Soini 2006; Pellikka 2009). 
This is a general trend in East Africa (Soini 2006). Due to the limited occurrence of rainfalls 
and the resulting inadequacy of household water, the lowland cultivators are highly 
dependent on the moisture originating in the Taita Hills, which is released to the lowland 
water storing facilities around the year. 
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Figure 9. History and predictions of the land use/cover changes in the Taita Hills area 
between 1987 and 2030 (Maeda et al. 2010; Heikinheimo 2015, mod. Amanda Cardwell) 
 
 
The Taita Hills were formerly one of Kenya’s most important coffee plantation areas. Due 
to the changes in coffee markets, coffee plantations are hard to be found in the Taita Hills 
these days (Soini 2006). Nowadays intensive small-scale farming of vegetables for local 
markets is the most common form of agriculture (KNBS & SID 2013; Hohenthal et al. 
2015). The most typical crops are maize, peas, sugar canes, beans, tomatoes and banana. 
Manual tillage systems, such as hand hoes and animal-drawn ploughs, are commonly 
applied in the area. Most of the cultivated slopes are terraced. Terracing is a soil 
conservation method that enables water harvesting and cultivation on steep slopes prone to 
erosion and is widely applied in East-African highlands (Soini 2006). In addition to 
terraced cultivations, Taita smallholder farmers often possess fields reserved for grazing 
animals. The most common domestic animals found in the Taita Hills are chicken, sheep 
and cows.  
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The unique environment of the Taita Hills together with the vast population growth and 
land use changes, which have had notable impacts on the natural environment and 
ecosystems, have attracted researchers for decades resulting in a broad range of published 
research (ie. Pellikka et al. 2004; Pellikka et al. 2005; Rogers et al. 2008; Pellikka et al. 
2009; Maeda et al. 2010; Omoro 2011; Thijs 2014; Hohenthal 2015). The factor that has 
enabled research in a formerly unreachable area was the opening of the Taita Research 
Station in Wundanyi, Taita Hills in 2011. The facilities of this research station, which is 
owned by the University of Helsinki, were also utilized to conduct this study. 
 
5.2 The Ngangao Forest 
 
The Ngangao forest (38°20ƍ33ƎE, 3°21ƍ55ƎS; Figure 10) was selected as study area for this 
thesis due to its easy accessibility from the Taita Research Station in Wundanyi and its 
proximity to surrounding agricultural lands. The Ngangao forest, with its 120 ha of a size, 
is one of the largest indigenous forest remnants found in the Taita Hills. The Ngangao 
forest covers a hilltop which reaches an altitude of 2104 m, while the lowest parts are at 
1750 m (Pellikka et al. 2009). The Ngangao forest is famous for its high level of 
biodiversity and endemic forms of life and has therefore been a popular study area for a 
broad range of published environmental studies (Schäfer et al. 2016). In addition to the 
native forests, the Ngangao forest also contains pine (Pinus ssp.) plantations of about 10 
ha and cypress (Cypressus lusitanica) plantations of about 4 ha (Pellikka et al. 2009). A 
few hectares of pine forest was burnt in 2011. 
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Figure 10. The current boundaries of the Ngangao forest, and the location of sites 1-4 
(Basemap: Taita Hills Aerial Image Mosaic 2012)  
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5.3 Experimental design 
 
The study area includes four sites, which each consist of a forest, cultivation and grazing 
land use class. The forest land use class includes a native forest, a pine and cypress 
plantation, a wattletree plantation (Acacia mearnsii) and a 50 years old native forest on an 
abandoned coffee plantation. The cultivation land use classes are all terraced small holder 
cultivations that grow Pennisetum purpureum, more commonly known as Napier grass, 
due to the ongoing dry season. Napier grass is a tropical grass typically fed to domestic 
animals (Anindo et al. 1994; Orodho 2006). The grazing land use classes are all grazing 
fields occupied by varying domestic animals.  
Each land use class was represented by three or more measurement points per site, making 
the total amount of measurement points 50 (Table 1). As each site has presumably similar 
soil types, this experimental design enabled a reliable comparison of the effect of the three 
different land use types on soil properties and infiltration rates. In addition to the existence 
of all land use types, the four selected study sites were chosen in regard to their accessibility 
from the road. Easy access to the site was essential as the research was conducted by two 
people and the equipment and water were transported by foot, and often uphill. In addition 
to assure the efficiency of the daily schedule, the location of the water refill points had to 
be considered when selecting the four study sites.  
All measurement locations were recorded with a GPS device. The coordinates of five 
measurement locations were however lost during the field period. The locations of these 
measurements were estimated based on photos and aerial images using Geographical 
Information Systems. 
 
Table 1: Number of measurements per site and land use type (n=50) 
 
FOREST CULTIVATION GRAZING LAND
Site 1 3 3 3
Site 2 10 5 5
Site 3 3 3 3
Site 4 4 4 4
23 
 
After all infiltration measurements were completed and soil property samples collected, 
the raw infiltration data was fitted to infiltration models and soil samples were processed 
and further analyzed. After all field data was processed, the difference between the three 
land use types were examined statistically and models describing the relationship of land 
use, soil properties and infiltration were produced (Figure 11). The analysis phase is further 
discussed in chapters 6. Measurements and 7. Data analysis. 
 
   Figure 11. Flow chart illustrating the phases of this study. 
24 
 
5.4 Study sites 
 
 Site 1 (38°20'41.2764" E, 3°21'38.5632" S) is located on the eastern edge of the Ngangao 
forest (Figure 10). The site includes a native forest, a terraced cultivation and a grazing 
land (Figure 12). The dominant tree species in the forest were Albizia gummifera, Millettia 
oblata, Psycothria petitii, Phoenix reclinata, Ochna holstii, Celtis africana, Cola 
greenwayi and Crabia bicolor. Dracaena steudneri dominated the undergrowth. Due to the 
ongoing dry season, the main cultivated crop was Napier grass (Pennisetum purpureum). 
The cultivation land included macademia (Macademia ssp.) trees, guava (Psidium 
guajava) trees and Croton megalocarpus trees. The grazing land included one Croton 
megalocarpus tree and was grazed by sheep and chicken. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Site 1 consists 
of a native forest (a), a 
terraced cultivation (b) 
and a grazing land (c). 
(b) 
(c) 
(a) 
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Site 2 (38°20'12.5304" E, 3°21'07.9020" S) is located on the Northern edge of the Ngangao 
forest (Figure 10). The site consists of a native forest, exotic plantation forest, terraced 
cultivation and grazing land (Figure 13). The dominant species in the native forest were 
Phoenix reclinata, Celtis africana, Albizia gummifera, Millettia oblata, Cola greenwayi, 
Crabia bicolor and Dracaena steudneri in the undergrowth. One of measurement points 
was located in exotic pine forest, while the others were in cypress forests of approximately 
40 years of age, introduced to the Taita Hills between during 1970s (Pellikka et al. 2009). 
During the time of the field studies the main cultivated crop of site 2 was also Napier grass 
(Pennisetum purpureum) with some young Grevillea trees (Grevillea robusta), and the 
grazing land was also occupied by both chicken and sheep. 
 
 
 
  
 
 
 
Figure 13. Site 2 
consists of a native 
forest (a), a 
secondary forest (b), 
a terraced 
cultivation (c) and a 
grazing field (d). 
 
 
 
 
 
(a) (b)
 
(c) 
 
(d) 
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Site 3 (38°21'03.7656" E, 3°21'44.5428" S) is located on the eastern side of the Ngangao 
forest (Figure 10). The site consists of a wattletree (Acacia mearnsii) woodland, a terraced 
cultivation land and a grazing land (Figure 14).  The site is two kilometres from Ngangao 
forests separated by agricultural land with some trees. According to informants the forest 
has been thinned out for collection of firewood and as a result exotic species have invaded 
the forest. The dominant tree species are Acacia mearnsii and Phoenix reclinata with exotic 
bushes, Lantana camara, in the undergrowth. During the time of the field studies the only 
cultivated crop was again Napier grass (Pennisetum purpureum), and the grazing land was 
used up by cows and chicken.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Site 3 consists of a native 
forest (a), a terraced cultivation (b) 
and a grazing land (c). 
 
(a) 
a. 
(b) 
a. 
(c)
a. 
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Site 4 (38°21'01.0152", 3°21'07.1640”) is located Northeast of the Ngangao forest (Figure 
10). The site consists of a secondary forest, a small terraced cultivation and a grazing land 
(Figure 15). According to the informants the forest is a former coffee plantation that began 
to reforest after abandonment of the coffee plantation in 1968. The terraced terrain of the 
forest can be distinguished by bare eye. The dominant native tree species found in the forest 
environment are Albizia gummifera, Millettia oblata, Phoenix reclinata, Ficus sur and 
Ochna holstii. Some exotic tree and bush species, such as Grevillea robusta had been 
planted, or invaded as Acacia mearnsii and Lantana camara dominated the undergrowth. 
As in the other sites, during the time of this study, the only cultivated crop was Napier 
Grass (Pennisetum purpureum), and the grazing field was grazed by chicken and sheep. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Site 4 consists of a native 
forest (a), a terraced cultivation (b) and 
a grazing land (c). 
(a) 
(b) 
a. 
(c) 
a. 
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6. Measurements 
 
The field data used for this study was collected during 5.2-5.3.2015. The data consists of 
50 infiltration rate measurements and corresponding soil grain size distribution, organic 
matter, soil bulk density and initial soil moisture measurements. Soil organic matter, in this 
case soil organic carbon and nitrogen, was chosen to represent the organic content of the 
soil as it was found easiest to measure in the Taita Hills environment. 
 
6.1 Infiltration 
 
Infiltration measurements were completed via the single-ring infiltrometer (Ø 29 cm) 
method (Figure 17). In the single-ring infiltrometer method water is poured directly inside 
a metal or equivalent cylinder shaped ring, which is inserted into the soil. As water inside 
the ring begins to infiltrate, water levels are recorded in selected time intervals and water 
is added as water levels approach the soil surface. Infiltration rates are calculated by 
dividing the recorded water levels by the elapsed time. Final infiltration rates are most 
commonly reported as millimeters per hour (Osuji et al. 2010; Neris et al. 2012).  
Some authors prefer the usage of double-ring infiltrometers (Yimer et al. 2008; He et al. 
2009; Osuji et al. 2010; Neris 2012; Appendix 3.1). In the double-ring method the water 
level of the outer ring is kept at the same level as the water in the inner ring to avoid the 
effect of the horizontal flow under the inner ring. In this method only the water level of the 
inner ring is recorded. This study was planned and started with the double-ring method but 
after one day on the field the outer ring was left out due to the inadequacy of water to keep 
the water level of the outer ring at the same level as the inner ring through each 
measurement. The difference of the single-ring and double-ring method was tested in the 
yard of the Taita Research Station (Appendix 3.2). In this experiment no difference were 
recorded. The outer ring was left out and the study was conducted according to the one-
ring infiltromer method. 
Before starting each measurement the infiltrometer was inserted 10 cm deep into the soil. 
Water was then poured directly on a cloth to prevent the disturbance of the soil surface. 
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The level of water was kept between 10 and 20 centimeters above the soil surface during 
the entire measurement event to ensure the equal hydraulic pressure set on the soil. Water 
levels were read from a measuring stick every two to five minutes depending on the pace 
of the infiltration. Measurements lasted until a steady state saturated infiltration rate was 
reached. Water canisters were filled between measurements (Figure 16).  
 
 
 
 
 
 
Figure 17. Water was fetched from a public 
water tap located nearby the road east of the 
Ngangao forest, or from the Taita Research 
Station. 
Figure 16. The Single-ring infiltrometer 
method was applied to measure infiltration 
rates. Water levels were recorded via the 
measure stick in 2-5 minute intervals 
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6.2 Soil properties 
 
To explain the variation of infiltration rates, the grain size distribution, soil organic carbon 
and soil organic nitrogen, dry bulk density and initial soil moisture of each infiltration 
measurement location was determined. Samples were not collected directly underneath the 
infiltration measurement to minimize possible effects of the sudden strong vertical water 
flow on soil properties. All soil samples and moisture measurements were taken from the 
depth of 10-20 cm.  
 
6.2.1 Grain size distribution 
 
The grain size distribution samples (~100g) were collected near the infiltration 
measurement location. Samples were dried in direct sunlight and stored until concentrated 
soil sieving days. Sieving was completed with the Taita Research Station’s Retsch Sieve 
shaker (Figure 18). The measures of the sieves used for the analysis were 4 cm, 2 cm, 1 
cm, 0.5 cm, 0.25 cm, 0.0125 cm and 0.0063 cm. In the end of each sieving event the content 
of each sieve was weighed and recorded. The finest grain size (<0.063 mm) was transported 
to Finland to the laboratory of the Department of Geosciences and Geography for a laser 
diffractometric based analysis. In order to determine the grain size distribution of the 
<0,063mm grain samples, samples had to be first treated chemically and mechanically. To 
eliminate the possible organic matter within the soil samples, samples were chemically 
treated with hydrogen peroxide (H2O2).  Possible carbonate coats were removed with 
hydrochloric acid (HCl %). In order to prevent particles from flocculating, all soil samples 
were chemically treated by sodium pyrophosphate (Na4P2O7, * 10 H2O). In addition the 
samples were mechanically treated with 10u amplitude ultrasound for one minute before 
each run of laser analysis. After all samples were prepared, the fine particle size analysis 
was finally completed with the Mastersizer 2000 particle size analyzer. 
The results of the sieving and laser analysis were then combined and textural classes were 
determined according to the logarithmic Udden-Wentworth scale (Wenthworth 1922), in 
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which the particle size for gravel, sand, silt and clay are <2mm, 2mm-63um, 63um-4um 
and <4um, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. The grains size distribution analysis was completed via  
the Retsch Sieve Shaker –device 
 
 
6.2.2 Organic matter 
 
Soil organic carbon (SOC) and soil organic nitrogen (SON) were selected to represent soil 
organic matter in this study. These soil properties were determined from soil samples (~100 
g) collected near each infiltration measurement location. The samples were dried in direct 
sunlight at the Taita Research Station. When dry, the samples were stored in labeled plastic 
bags and sent to the laboratory of ILRI (International Livestock Research Institute) in 
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Nairobi for precise carbon and nitrogen analysis.  In the laboratory of ILRI two replicates 
were completed to determine the relative amount of SOC and SON content of each sample. 
The average of the replicates were used in further analysis. 
 
6.2.3 Bulk density 
 
Soil bulk density samples were collected with a cylinder-shaped metal soil core sampler 
(Figure 19). The measures of the cylinder were 6.7 cm in diameter and 4.7 cm in height. 
To collect the bulk density sample a hole was dug near each infiltration measurement and 
the sampler was inserted into the wall of the hole. The content of the core samplers were 
dried in direct sunlight in the yard of the Taita Research Station. Dried samples were stored 
in plastic bags and sent to ILRI (International Livestock Research Institute) for oven drying 
and weighting. The dry bulk density (g/cm3) was calculated by dividing the oven-dried 
weight by the volume of the soil core sampler.  
 
Figure 19. The dry bulk density was determined  
       via a metal cylinder soil core sampler 
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6.2.4 Initial soil moisture 
 
The initial soil moisture content was measured with the HS2 HydroSense II System 
portable device by Campbell Scientific Inc. The device consists a soil moisture sensor and 
a display monitor. Before infiltration measurements had begun, the device’s sensors were 
inserted into the soil in three points around each infiltration measurement location to 
determine the initial soil moisture content. Each measurement lasted for a few seconds after 
which both the volumetric and relative soil moisture contents were read from the device’s 
monitor. The average relative soil moisture contents of the three measurements completed 
near each infiltration measurement location was recorded and chosen to represent the initial 
soil moisture conditions of the soil further in this study.  
 
7. Data analysis 
 
7.1 Infiltration models  
 
Although field measurements are the most reliable way to examine the saturated infiltration 
in a site-specific scale, field measurements are time consuming and error-sensitive (Ahmed 
and Duru 1985; Haverkamp et al. 1988; Wuddivira and Abdulkadir 2000). To overcome 
these problems, several infiltration models have been created (Mishra et al. 1999). 
Infiltration models use the measured data points to produce infiltration curves which are 
capable to predict steady state infiltration rates. Infiltration models enable shorter 
infiltration measurements than traditional infiltration measurement, which can last for one 
to two hours per measurement (Osuji et al. 2010; Neris et al 2012).  
Infiltration models can be classified in three groups: 1) physically-based, 2) semi-
empirically-based and 3) empirically based models (Mishra et al. 1999). Physically based 
models lean on the mass conservation law and the Darcy’s law, and assume homogeneous 
soil mediums with uniform initial soil moisture contents. Examples of physically based 
infiltration models are the Green and Ampt (1911), Philip (1957) and Smith (1972) models, 
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among others. Semi-empirical models are a combination of physical laws and assumptions 
and empirically based models. Examples of semi-empirical models are the models of 
Horton (1938), Holtan (1961) and Singh and Yu (1990), among others. Empirical models 
are completely derived from experimental data. Examples of empirical models are the 
Kostiakov (1932), SCS-CN (SCS 1956, 1971), Huggins and Monke (1966) and modified 
Kostiakov (Smith 1972) models, among others. 
Several infiltration modeling studies have been conducted in different parts of tropical 
Africa.  Ahmed & Duru’s (1985) studied Philip’s Horton’s and Kostiakov’s infiltration 
model’s applicability under different land use practices in Nigeria. They suggest 
Kostiakov’s model for similar types of environments. A study conducted in a mountainous 
terrain in Eastern Uganda evaluated the suitability of the Green and Ampt, Philip, Horton 
and Kostiakov models to fit experimental data collected in croplands and found all models 
to overestimate the infiltration rates. However the Green and Ampt and Kostiakov models 
performed better than the other two (Bamutaze et al. 2010). Ogbe et al. (2011) tested the 
applicability of Philip’s, Horton’s, Kostiakov’s and modified Kostiakov’s models in a 
study conducted in a sandy soil in North Central Nigeria. Although the results of all models 
showed good applicability, Horton’s model produced the best fit. Oku & Aiyelari (2011) 
found Philip’s model to be more suitable than Kostiakov’s model when comparing the 
capability of the two models to predict infiltration manners of a sandy soil in a humid forest 
zone in Southern Nigeria. Igbadun et al. (2016) tested the predictability of 10 infiltration 
models on field data collected in Northern Nigeria. In their study modified Kostiakov 
model had the best overall performance while Green and Ampt model performed the best 
amongst the physically based models. 
As one can see, despite the great amount of available infiltration modeling studies, it is still 
quite unclear which model suites which kind of environment the best, making it hard to 
pick a suitable model based on theory. It is therefore recommendable to test and evaluate 
several models before selecting one (Navar & Synott 2000; Mishra et al. 2003; Ogbe et al 
2011).  
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Four infiltration models were selected to calculate the steady state infiltration rates in this 
study (Table 2). The chosen models represent the three infiltration model groups commonly 
distinguished in literature: the physically based models are represented by the two-
parameter models of Green and Ampt and Philip, the semi-empirical models by the two 
parameter model of Horton and the empirical models by the three parameter modified 
Kostiakov model.  
 
Table 2. Equations of Green and Ampt, Philip, Horton and modified Kostiakov’s 
infiltration models. i = infiltration rate, ic = steady infiltration rate, I = cumulative 
infiltration rate, b, s, k, B and n = soil characterizing constants). 
Model Equation 
 
Green and Ampt  � = �ܿ + �ܾ  
 
Philip  � = �ܿ + ݏ2ݐଵ/ଶ 
Horton � = ሺ�଴ − �ܿሻ�−�� + �ܿ 
 
Modified Kostiakov � = ܤݐ−� + �ܿ 
 
 
Modeling was carried out in RStudio version 0.99.902. The nonlinear least square 
technique was employed to fit the chosen models to the empirical infiltration data. Fixed 
equations for Green and Ampt, Horton and Philip models available in the HydroMe –
package version 2.0 (Omuto 2009). The HydroMe2 –package contains functions that 
compute parameters for infiltration and water retention models via curve fitting methods 
(Omuto 2009). The fixed equations for Green and Ampt, Horton and Philip’s model were 
employed to conduct this study, whereas the Modified Kostiakov model was employed 
manually due to the lack of an available fixed function for it in the R environment. To 
evaluate the models the root mean squared error (RMSE) and correlation of the observed 
and predicted data (COR) were calculated for each fit. The best fitting model was used to 
predict the stable state infiltration rates of each site, which was needed further in this study.  
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7.2 Statistical differences 
 
The statistical differences of the steady state infiltration rates and selected soil properties 
under different land use types were first tested with the one-way analysis of variance 
(ANOVA) in RStudio version 0.99.902. The one-way ANOVA (Yimer et al. 2008) 
revealed whether the variables differed significantly across the three land use types in 
general, but in order to determine the statistical significance of the differences between 
separate land use types, the pairwise t-test (Gregory et al. 2006) was applied for all 
variables that showed statistically significant differences (p<0.05) in the one-way ANOVA 
procedure.  
 
7.3 Simple linear regression models 
 
To identify the most important soil variables controlling the steady state saturated 
infiltration rates, simple linear regression models were produced. Simple linear regression 
models are commonly used to measure and describe the relationship between a dependent 
variable y and an explanatory variable x (Rao & Toutenburh 1955). Simple linear 
regressions seek to produce a model that fits the observation points while minimizing the 
residual error. In this study the explanatory variables were SOC, SON, bulk density, initial 
soil moisture and sand, silt, clay and gravel, which were used to explain the variation of 
dependent variable, steady state infiltration. In this study the relationship of the dependent 
and explanatory variables were visualized by a regression line and measured by the 
coefficient of determination (r2) value, which expresses the percentage which the selected 
soil property explains the variation of infiltration, and the p-value, which expresses the 
statistical significance (p<0.05) of the produced model.  
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8. Results 
 
8.1 Infiltration models 
 
The observed infiltration data was fitted to four selected infiltration models in order to 
define the steady state infiltrate rates needed for assessing the effect of soil properties on 
infiltration later in this study. According to the evaluation of the selected infiltration 
models, Philip’s model produced statistically significant (P<0.05) curves for all 50 
measurements, whereas the Green and Ampt’s model produced statistically significant 
curves for 49 measurements and Horton’s model for 44 measurements. From the curves 
produced by Modified Kostiakov model only 8 were statistically significant. The complete 
infiltration modeling data set, including the steady state infiltration rates, the Root Mean 
Square Error (RMSE) values and the correlation between the observed and predicted values 
(COR) are presented in Appendix 1. All produced curves are presented in Appendix 2.  
Due to the poor suitability, the Modified Kostiakov model was rejected from further 
evaluation in this stage of the study. The other three models were compared based on their 
evaluation parameters. The steady state infiltration rates (SIR) and the corresponding 
RMSE and COR based evaluations of the models of Philip, Green and Ampt and Horton 
are presented as means per land use type and site in Table 3. The evaluation is based on 
the 43 measurements that all three models were capable to fit with a statistical significance 
of at p<0.05. 
The overall capability of the models of Philip, Green and Ampt and Horton to fit the 43 
observed infiltration measurements was good. For Philips model the mean RMSE values 
for the forests, cultivations and grazing lands are 6.49, 3.27 and 1.06, whereas the mean 
COR values are 0.84, 0.91 and 0.88, respectively. For the Green and Ampt’s model the 
mean RMSE values for the forests, cultivations and grazing land environments are 8.6, 
4.86 and 1.45, and the mean COR values 0.77, 0.80 and 0.81, respectively. For Horton’s 
model mean RMSE values for forests, cultivations and grazing lands are 4.63, 1.81 and 
0.88, whereas the mean COR values are 0.9, 0.96 and 0.91, respectively. 
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Table 3. Comparison of the goodness of fit of Philip, Green and Ampt and Horton’s 
infiltration models. RMSE=root mean square error, COR=correlation between observed 
and predicted values. 
 
The mean sir values of Philips model were 3459, 1396 and 339 mm/h in forests, 
cultivations and grazing lands, respectively. The mean SIR values of the Green and Amp’s 
model were 4020, 1935 and 490 mm/h in forests, cultivations and grazing lands 
respectively. The mean SIR values produced by Horton’s model were 3430, 1601 and 463 
mm/h in forests, cultivations and grazing lands, respectively.  
According to the model evaluation, Horton’s model performed best although the number 
of successful fits was lower than the other models (44 statistically significant (p<0.05) fits 
with Horton’s, 50 with Philip’s and 49 with Green and Ampt’s model).  A closer look at 
the evaluations of models 7, 14, 35, 37, 50, and 54, which were not successfully fitted by 
Horton’s model, show notably high RMSE and low COR values for models produced by 
Philips and Green and Ampt (Appendix 1). Therefore it was found reasonable to select the 
results conducted with Horton’s model to continue with in the rest of this study, which also 
meant neglecting plots 7, 14, 35, 37, 50 and 54 from the rest of study. With this decision 
site 1 was left with only 1 forest measurement, which needed to be taken into consideration 
in further phases of this study. 
SIR (mm/h) RMSE COR SIR (mm/h) RMSE COR SIR (mm/h) RMSE COR
FOREST 3459 6.49 0.84 4020 8.60 0.77 3430 4.63 0.90
Site1 3361 8.04 0.91 2566 14.40 0.81 2173 4.68 0.99
Site2 3861 8.05 0.89 4972 9.93 0.81 4166 5.67 0.95
Site3 4263 1.56 0.87 4470 1.98 0.78 4306 1.21 0.92
Site4 2319 3.48 0.67 2619 3.82 0.65 2260 3.32 0.69
CULTIVATION 1396 3.27 0.91 1935 4.86 0.80 1601 1.81 0.96
Site 1 1381 2.45 0.96 1653 3.30 0.91 1239 1.02 0.96
Site2 2063 5.41 0.93 3035 8.32 0.82 2436 2.18 0.99
Site3 1315 2.49 0.91 1721 3.53 0.84 1665 2.47 0.91
Site4 636 1.80 0.92 933 2.69 0.82 781 1.43 0.95
GRAZING LAND 339 1.06 0.88 490 1.45 0.81 463 0.88 0.91
Site1 646 0.65 0.78 715 0.82 0.69 698 0.53 0.82
Site2 263 1.26 0.90 432 1.63 0.83 426 1.24 0.91
Site3 299 0.59 0.90 378 0.67 0.87 388 0.55 0.92
Site4 234 1.45 0.92 479 2.29 0.80 390 0.95 0.96
PHILIP GREEN AND AMPT HORTON
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All infiltration values presented starting from the next chapter are results obtained with the 
44 successful fits by Horton infiltration models. The amount of remaining measurements 
per site is presented in Table 4.  
 
Table 4: Number of measurements per site and land use type left after infiltration modeling 
(n=44) 
 
 
 
8.2 The effect of land use on infiltration 
 
Horton’s infiltration model was used to produce a mean 60-minute infiltration time series 
for each land use type (Figure 20). The time series show a clear change in infiltration rates 
after about 20 minutes: the infiltration rates start high and drop as the rates begin to achieve 
steady state infiltration values. The curves are steep especially in forest sites. A site specific 
mean 60-minute time series of each land use types is presented in Figure 21. 
FOREST CULTIVATION GRAZING LAND
Site 1 2 3 3
Site 2 8 5 5
Site 3 1 3 3
Site 4 3 4 4
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Figure 20. Mean 60-minute infiltration time series of the three land use types predicted 
with Horton’s infiltration model.  
 
Figure 21. Site specific mean 60-minute time series of the three land use types predicted 
with Horton’s model.  
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The mean steady state infiltration rates (SIR) of the different land use types are presented 
in Figure 22 and Table 5. The mean SIR values of forests, cultivations and grazing lands 
are 3926 mm/h, 1601 mm/h and 462 mm/h in, respectively.  According to the one-way 
ANOVA, the differences between the SIR values of the three land use types are statistically 
significant (p<1.46x10-6). The pairwise t-test revealed that the difference between forests 
and cultivations, forests and grazing lands and cultivations and grazing lands are all 
statistically significant (p=0.21x10-3, p= 3.5x10-7 and p=0.05, respectively).  
 
 
Figure 22. Boxplot of the steady SIR values in forests (1), cultivations (2), and grazing 
lands (3) predicted with Horton’s model. (The bottom of the boxes represent the lower 
quartiles, the top the upper quartiles, and the band within the boxes the median of the 
observations) 
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Table 5. SIR values per land use type and site.  
 
Means in the same row that share the same letter for each variable are not statistically 
different at p<0.05 in relation to land use type. 
 
 
 
8.3 The effect of land use on soil properties 
 
8.3.1 Soil organic matter 
 
The mean soil organic carbon (SOC) values are presented per land use type in Figure 23 
and per land use type and site in Table 6. The mean soil organic carbon values were 2.43 
%, 1.73 % and 1.36 % in forests, cultivations and grazing lands, respectively. According 
to the one-way ANOVA, the difference between the three land use types are statistically 
significant (p=1.18x10-3). According to the pairwise t-test the difference between forests 
and cultivated lands and between the forests and grazing lands are both statistically 
significant (p=0.03 and p=0.12x10-2, respectively). However the difference between the 
cultivated and grazing lands is not statistically significant (p=0.23).   
The mean soil organic nitrogen (SON) values are presented per land use type in Figure 23 
and per land use type and site in Table 7. The SON content was 0.23 %, 0.11 % and 0.09 
% in forests, cultivations and grazing lands, respectively. According to the one-way 
ANOVA, the difference between the three land use types is again statistically significant 
(p=6.19x10-4). According to the pairwise t-test the difference between forests and 
cultivated lands and between the forests and grazing lands are both statistically significant 
(p=0.122x10-2 and p=0.42x10-3, respectively), whereas the difference between cultivations 
SIR (mm/h) SD (mm/h) SIR (mm/h) SD (mm/h) SIR (mm/h) SD (mm/h)
All sites 3926 a 2461 1601 b 1122 462 c 198
Site1 2173 1823 1239 346 698 215
Site2 4166 1760 2436 1551 426 162
Site3 4306 - 1665 745 388 181
Site4 2260 226 781 143 390 155
FOREST CULTIVATION GRAZING LAND
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and grazing lands was not statistically significant (p=0.71). According to these results SON 
values were also highest in forests and lowest in grazing lands. 
 
Figure 23. Boxplot of the mean SOC (%) and SON (%) values in forests (1), cultivations 
(2), and grazing lands (3). 
 
Table 6. Mean SOC values per land use type and site.  
 
Means in the same row that share the same letter for each variable are not statistically 
different at p<0.05 in relation to land use type. 
SOC (%) SD (%) SOC (%) SD (%) SOC (%) SD (%)
All sites 2.43 a 1.11 1.73  b 0.82 1.36  b 0.44
Site 1 1.94 0.26 1.60 0.70 1.91 0.17
Site 2 2.62 1.14 2.50 0.74 1.37 0.25
Site 3 3.71 - 1.47 0.19 1.57 0.08
Site 4 1.81 1.29 1.05 0.60 0.79 0.11
FOREST CULTIVATION GRAZING LAND
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Table 7. Mean SON values per land use type and site.  
 
Means in the same row that share the same letter for each variable are not statistically 
different at p<0.05 in relation to land use type. 
 
8.3.2 Dry bulk density 
 
The mean dry bulk density (DBD) values are presented per land use in Figure 24 and per 
land use and site in Table 8. The mean DBD values were 0.85 g/cm3, 1.22 g/cm3 and 1.36 
g/cm3 for forests, cultivations and grazing lands, respectively. According to the one-way 
ANOVA, the differences between the three land use types are statistically significant 
(p=2.05x10-07). The pairwise t-test reveals the difference between the forests and 
cultivations and between the forests and grazing lands are statistically significant 
(p=2.1x10-5 and 6.6x10-8, respectively), whereas the difference between the cultivations 
and grazing lands is not statistically significant (p=0.08). 
SON (%) SD (%) SON (%) SD (%) SON (%) SD (%)
All sites 0.22 a 0.14 0.11 b 0.06 0.09  b 0.06
Site 1 0.14 0.03 0.12 0.02 0.18 0.02
Site 2 0.31 0.11 0.16 0.04 0.10 0.02
Site 3 0.22 - 0.10 0.02 0.11 0.00
Site 4 0.06 0.10 0.03 0.04 0.02 0.01
FOREST CULTIVATION GRAZING LAND
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Figure 24. Boxplot of mean DBD (g/cm3) values in forests (1), cultivations (2), and grazing 
lands (3). 
 
 
Table 8. Mean DBD values per land use type and site.  
 
Means in the same row that share the same letter for each variable are not statistically 
different at p<0.05 in relation to land use type. 
 
 
 
DBD (g/cm3) SD (g/cm3) DBD (g/cm3) SD (g/cm3) DBD (g/cm3) SD (g/cm3)
All sites 0.85 a 0.33 1.22 b 0.12 1.36 b 0.12
Site 1 1.02 0.04 1.25 0.16 1.39 0.10
Site 2 0.72 0.36 1.14 0.07 1.32 0.14
Site 3 0.68 - 1.16 0.11 1.44 0.08
Site 4 1.13 0.19 1.34 0.08 1.32 0.12
FOREST CULTIVATION GRAZING LAND
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8.3.3 Initial soil moisture 
 
The mean initial soil moisture values are presented per land use in Figure 25 and per land 
use type and site in Table 9. The mean soil moisture content is 2.51 %, 3.42 % and 3.85 % 
in forests, cultivations and grazing lands, respectively. According to the one-way ANOVA, 
the difference between the three land use types is statistically significant (p=0.02). 
According to the pairwise t-test the difference between grazing lands and forests is 
statistically significant (p= 0.8x10-2), whereas the difference between forests and 
cultivations and cultivations and grazing lands are not statistically significant (p=0.06 and 
p=0.37, respectively).  
 
Figure 25. Boxplot of mean initial soil moisture values in forests (1), cultivations (2), 
and grazing lands (3).  
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Table 9. Mean initial soil moisture values per land use type and site.  
 
Means in the same row that share the same letter(s) for each variable are not statistically 
different at p<0.05 in relation to land use type. 
 
 
8.3.4 Grain size distribution 
 
The grain size distribution is presented per land use in Figure 26 and per site and land use 
in Table 11. The textural classes are determined based on the logarithmic Udden-
Wentworth scale (Wenthworth 1922), in which the particle size for gravel, sand, silt and 
clay are <2mm, 2mm-63um, 63um-4um and <4um, respectively. The results are based on 
37 successful grain size distribution analyses. The amount of soil textural measurements 
left per site is presented in Table 10. According to the results, the soil texture of the study 
area is homogenous and is classified as fine sand in all measurement locations. Soil texture 
does not vary by land use as according to the one-way ANOVA results the differences 
between land use types are not statistically significant (p=0.26, p=0.53, p=0.4 and p=0.64 
for clay, silt, sand and gravel, respectively).  
 
 
 
 
 
 
Moisture (%) SD (%) Moisture (%) SD (%) Moisture (%) SD (%)
All sites 2.51 a 0.99 3.42 ab 1.64 3.85 b 1.09
Site 1 2.95 1.63 2.60 0.53 3.30 0.66
Site 2 2.31 0.58 2.64 0.82 5.06 0.59
Site 3 1.00 - 4.77 1.42 3.90 0.56
Site 4 3.27 1.24 4.00 2.48 2.70 0.36
FOREST CULTIVATION GRAZING LAND
48 
 
Table 10: Number of measurements per site and land use type used in the textural analysis 
(n=37) 
 
 
 
Table 11. Mean grain size distribution per land use type and site.  
 
The differences between land use types are not statistically significant at p<0.05 
FOREST CULTIVATION GRAZING LAND
Site 1 2 1 3
Site 2 6 5 5
Site 3 1 2 3
Site 4 3 2 4
FOREST Clay (%) SD (%) Silt  (%) SD (%)  Sand (%) SD (%)  Gravel (%) SD (%)
All sites 0.33 0.26 1.99 1.64 96.36 1.95 1.32 2.19
Site 1 0.39 0.35 2.16 2.55 95.85 1.49 1.59 1.41
Site 2 0.47 0.21 2.87 1.46 96.58 1.51 0.08 0.18
Site 3 0.09 - 0.38 - 96.36 - 3.16 -
Site 4 0.07 0.03 0.65 0.11 96.26 3.69 3.03 3.82
CULTIVATION
All sites 0.21 0.10 1.52 1.02 97.45 2.41 0.81 1.50
Site 1 0.37 - 3.18 - 95.33 - 1.12 -
Site 2 0.15 0.09 0.98 0.63 98.87 0.71 0.00 0
Site 3 0.18 0.02 0.99 0.13 98.31 0.84 0.52 3.58
Site 4 0.30 0.04 2.61 0.75 94.11 3.36 2.98 2.57
GRAZING LAND
All sites 0.24 0.15 1.68 0.91 97.13 2.26 0.95 1.90
Site 1 0.37 0.26 2.45 1.28 94.47 2.18 2.70 1.42
Site 2 0.16 0.08 1.07 0.48 98.77 0.55 0.00 0
Site 3 0.21 0.22 1.41 0.44 96.31 3.12 2.07 3.58
Site 4 0.26 0.15 2.07 0.94 97.67 1.08 0.00 0
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Figure 26: Boxplots of mean clay (%), silt (%), sand (%) and gravel (%) values in forests 
(1), cultivations (2), and grazing lands (3). 
 
 
8.4 The effect of soil properties on infiltration 
 
The effect of selected soil properties on steady state infiltration rates were examined via 
simple linear regression models. The results are presented in Figures 27-31. According to 
the produced regression models, DBD explains 61.5 % of the variation of SIR within the 
research area (Figure 27). The result is statistically significant (p=1.8x10-10). The 
regression model indicates that infiltration increases as bulk density decreases. Based on 
the distribution of observation points, land use plays an important role in the relationship 
of DBD and infiltration rates. Grazing lands are subject to high DBD and low SIR values, 
whereas forests are related to low DBD and high SIR values. Cultivation observations are 
located between the forest and grazing land observations in regard to both DBD and SIR 
values.  
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Soil organic carbon (SOC) and soil organic nitrogen (SON) contents were chosen to 
represent soil organic matter in this study. According to the simple linear regression 
models, SON explains 34.1 % and SOC 24.1 % of the variation of SIR values within the 
research area (Figure 28 and 29). The results are statistically significant (p=2.3x10-5 and 
p=0.4x10-3 for SON and SOC, respectively). According to the regression models, 
infiltration increases as SON and SOC increase. Based on the distribution of observation 
points, land use plays an important role in the relationship between SON and infiltration 
rates, and between SOC and infiltration rates. Grazing lands and cultivations are subject to 
low SOC and SON values and low SIR values, whereas forests are related to high SON 
and SOC values and high SIR values.  
When comparing the relationships between infiltration rates and the selected soil properties 
within the research area, in less importance is the initial soil moisture, which explains 15.6 
% of the variation of SIR values (Figure 30). The result is statistically significant 
(p=0.4x10-2). According to the produced simple linear regression model, SIR values 
decrease as the initial soil moisture increases.  
According to the produced clay, silt, sand and gravel regression models, soil texture does 
not explain the variation of infiltration rates within the research area (p=0.22, p=0.65 and 
p=0.51 and p=0.53 for models with r2=0.015, r2=-0.023, r2=0.016 and r2=0.017 for clay, 
silt, sand and gravel, respectively; Figure 31).  
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Figure 27. The relationship of DBD and SIR examined via a simple linear regression 
model (1=Forest, 2=Cultivation 3=Grazing land). The grey zone represents the 95% 
confidence level. 
 
Figure 28. Relationship of SON and SIR examined via a simple linear regression model 
(1=Forest, 2=Cultivation 3=Grazing land).  
Adj R2= 0.615 P=1.8x10-10 
Adj R2= 0.341 P=2.3x10-5 
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Figure 29. Relationship of SIR and SOC examined via a simple linear regression model 
(1=Forest, 2=Cultivation 3=Grazing land). 
Figure 30. Relationship of soil moisture and SIR examined via a simple linear regression 
model (1=Forest, 2=Cultivation 3=Grazing land).  
Adj R2= 0.24 P=0.4x10-3 
Adj R2= 0.156 P=0.4x10-2 
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Figure 31. The relationship of clay, silt, sand and gravel and SIR examined via simple 
linear regression models (1=Forest, 2=Cultivation 3=Grazing land). 
 
 
 
 
 
 
 
 
 
 
 
 
Adj R2= 0.015 P=0.22 Adj R2= -0.023 P=0.65
 
Adj R2= -0.016 P=0.51 
Adj R2= -0.017 P=0.53 
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9. Discussion 
 
9.1 The effect of land use on infiltration 
 
The ongoing population growth and poverty in developing countries have resulted in vast 
expansions in agricultural lands at the expense of environmental conditions (Lambin et al. 
2003; Foley et al. 2005; Li et al. 2007; Maitima et al. 2009). Extreme examples can be 
found in the eastern highlands of tropical and subtropical Africa, where the cool and moist 
orographic climate creates favorable conditions for agricultural expansion (Olson et al. 
2004; Soini 2005; Maeda et al. 2010). Population growth and land use changes set pressure 
on the availability of ecosystem services and natural resources, such as fresh water (MEA 
2005; Hohenthal 2015). This study focused to find out whether land use affects infiltration 
in the tropical highland environment of Taita Hills, Kenya. The Taita Hills form an 
extremely important water storage for locals due to the high yearly rainfall as compared to 
the surrounding lowlands (Erdogan et al. 2011).  
According to the results of this study the conversion of forests to agricultural lands has 
notable negative effects on infiltration (Table 12). This study suggests that the conversion 
of forests to cultivations and grazing lands results in decreases in infiltration rates, as the 
infiltration rates were found to be 59 % and 88 % lower in cultivations and grazing lands 
than in forests within the study area, respectively. Similar results have been conducted by 
several authors (e.g. Poulenard et al. 2001; Yimer et al. 2008, Osuji et al 2010, Jimenez et 
al. 2006; Neris et al. 2012). For example studies conducted in Tenerife, Spain, found higher 
infiltration rates in forests than in agricultural lands (Poulenard et al. 2001; Jimenez et al. 
2006; Neris et al. 2012). A study conducted in the highlands of Ethiopia found higher 
infiltration rates in forests than in agricultural lands suggesting changes in bulk density and 
soil organic carbon as factors causing the reductions in infiltration rates (Yimer et al. 2008). 
A study conducted in the highlands of Turkey also found higher infiltration rates in forest 
soils as agricultural lands, explaining the differences by changes in soil structural stability 
(Celik 2005). 
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Table 12: Steady state infiltration rates (SIR mm/h), soil organic carbon (SOC %), soil 
organic nitrogen (SON %) dry bulk density (DBD g ⁄ cm3), initial soil moisture (Moisture 
%) and particle sizes (Clay, Silt, Sand and Gravel %) in relation to land use types. (Mean 
+ standard error of mean) 
 
 
Means in the same row that share the same letter(s) for each variable are not statistically 
different at p<0.05 in relation to land use type. 
 
In the Taita Hills and its surrounding plains, land cover has changed dramatically and 
continues to change. In this context the findings of this study are extremely concerning. 
According to the predictions of Maeda et al. (2010) and Pellikka et al. (2013) the build-up 
and agricultural lands are going to further expand by year 2030, although a slowing trend 
has also been recognized (Heikinheimo 2015). Decreases in infiltration rates cause 
decreases in groundwater recharge, which affects a great amount of people dependent on 
water originating in the Taita Hills – the water towers of southeastern Kenya – living both 
the highlands, and lowlands of the hills. The decreases in infiltration rates may also cause 
increases in runoff generation, which leads to higher peaks in river streams after rainfall 
events and lower water levels during dry seasons. This balance may be further shifted by 
climate change, which is predicted to increase extreme weather events, such as intense 
rainfalls (Vörösmarty et al. 2000; Oki & Kanae 2006). 
 
 
 
VARIABLES FOREST CULTIVATION GRAZING LAND
SIR (mm/h) 3900 (±700) a 1600 (±300) b 450 (±50) c
SOC (%) 2.4 (±0.3) a 1.7 (±0.2) b 1.4 (±0.1) b
SON (%) 0.23 (±0.04) a 0.11 (±0.02) b 0.09 (±0.02) b
DBD (g/cm^3) 0.9 (± 0.1) a 1.22 (±0.03) b 1.36 (±0.03) b
Moisture (%) 2.5 (±0.3) a 3.4 (±0.4) ab 3.9 (±0.3) b
Clay (%) 0.30 (±0.07) a 0.20 (±0.03) a 0.20 (±0.04) a
Silt (%) 2.0 (±0.4) a 1.6 (±0.3) a 1.7 (±0.2) a
Sand (%) 96.4 (±0.5) a 97.4 (±0.7) a 97.1 (±0.6) a
Gravel (%) 1.3 (±0.6) a 0.8 (±0.4) a 1.0 (±0.5) a
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Table 13: Summary of the results of the produced simple linear regression models. The 
number stands for the coefficient of determination (r2) and the stars for the statistical 
significance (*=p≤ 0.05, **=p ≤ 0.01, ***= p ≤ 0.001).  
 
 
To better understand the differences in infiltration rates, this study also aimed to find out 
whether the changes in infiltration rates can be explained by the changes in soil properties. 
According to the results of this study, dry bulk density was 26 % and 34 % lower in forests 
than in cultivations and grazing lands, respectively (Table 12), and explained 61.5 % of the 
variation of infiltration (Table 13). This result suggests that dry bulk density is the most 
important infiltration controlling factor within the study area. The higher dry bulk density 
values in cultivations and grazing lands than in forests can be explained by the lack of 
vegetation cover, which protects the soil from raindrop impact, erosion, soil compaction 
(Rawls et al. 1993; Zuazo and Pleguezuelo 2008; Shukla et al. 2003). Animal trampling 
may also explain the discovered high bulk density values in grazing lands (Al-Dousari et 
al. 2000; Savadogo et al. 2007). Cultivated and grazed soils in addition lack the complex 
root network which creates continuous macropore channels that aerate the soil and create 
continuous macropore channels which act as preferential flow channels during saturated 
conditions ((Devitt & Smith 2002; Fischer et al. 2014; Li et al. 2013; Bodner et al. 2014). 
High bulk density soils also possess less space for macropore creating soil fauna (Mando 
et al. 1996; Weiler & Naef 2003; Giertz et al. 2005; Savadogo et al 2007). The exposure to 
raindrop impact may also cause bare cultivated and grazed soils a sealed topsoil layer, 
which blocks water from infiltrating (Rawls et al. 1993; Franzluebbers 2002). 
Another important finding of this study was that soil organic carbon and soil organic 
nitrogen decrease when forests are converted to cultivations and grazing lands (Table 12). 
In this study the conversion of forests to cultivations and grazing lands resulted in a 29 % 
and 42 % decrease in soil organic carbon and a decrease of 52 % and 61 % in soil organic 
nitrogen, respectively. This is an important discovery as according to the produced 
regression models, soil organic carbon and soil organic nitrogen explain 24.1 and 35.1 % 
of the variation of infiltration discovered within the study area, respectively (Table 13). 
DBD SON SOC MOISTURE CLAY SILT SAND GRAVEL
SIR 0.615*** 0.341*** 0.24*** 0.156** 0.016 -0.023 -0.016 -0.017
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The decrease of soil organic matter can be traced to the removal of vegetation cover when 
forests are converted to cultivations and grazing lands, as the removal of living biomass 
leads to decreases in the organic matter input (Lepsch et al. 1994; Neill et al 1997; Jiménez 
et al 2006; Yimer et al. 2007). Vegetation and soil organic matter are closely linked to 
faunal activity, root growth and soil aggregation, which are known to further contribute to 
the formation of macropore networks, which act as preferential flow channels during 
saturated conditions (ie. Mando et al. 1996; Devitt & Smith 2002; Weiler & Naef 2003; 
Fischer et al. 2014; Giertz et al. 2005; Savadogo et al 2007; Li et al. 2013). 
According to the results of this study, land use also effects initial soil moisture (Table 12), 
which was 36 % higher in grazing lands than in forests. The difference between the initial 
soil moisture of forests and cultivations and between cultivations and grazing lands was 
not found statistically significant. According to the produced regression models, initial soil 
moisture explains 15.6 % of the variation of infiltration rates (Table 13).  The findings that 
soil moisture is higher in grazing lands than in forests was surprising. This may however 
be explained by the ongoing dry season and the resulting high water uptake by vegetation 
in forests during the time of this study. In addition the likely great amount of macropores 
associated with roots, aggregates and faunal activity may have led to heavy gravity 
drainages after the latest rainfalls, resulting in lower initial soil moisture within the forest 
soils. The result that initial soil moisture explains 15.6 % of the variation is believed 
therefore to reflect the soil conditions caused by soil structure and climate, and not to 
represent an actual direct impact on infiltration rates. The lower soil moisture content in 
forests may however explain the steeper infiltration curves in forests than in other land use 
types (Figures 20 and 21). This was however not under the scope in this study and is 
therefore not further analyzed.  
According to the results of this study soil texture does not vary between land use types 
(Table 12) and soil texture does also not explain the variation of infiltration rates within 
the study area (Table 13). The result than soil texture does not affect infiltration rates is 
likely due to the similar soil texture across the study area. To find our whether soil texture 
really effects infiltration it is therefore suggested that a similar type of experimental design 
is repeated in study areas with more differing textural properties.  
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As the population of the Taita Hills continues to grow, agricultural lands will be needed in 
the future as well. This needs to be taken into account when planning solutions to increase 
the infiltration rates within the Taita Hills and similar areas. One suggested alternative for 
traditional agricultural practices is agroforestry (Ilstedt et al. (2007). Agroforestry is an 
agricultural management system in which trees or bushes are planted to cultivated fields 
and grazing lands. The benefit of this system is that the canopy cover of the planted trees 
protects the soil from erosion and soil compaction. According to the results of this and 
many other studies, vegetation decreases soil bulk density and increases soil organic matter 
input, which further lead to increases in preferential flow network creating activities and 
therefore, increases in infiltration rates (Osuji et al. 2010).  
 
 
9.2 Infiltration models 
 
Although this study, together with the broad range of other research conducted in the Taita 
Hills area, already provides a great deal of important information regarding the effects of 
land use on the hydrological balance in the Taita Hills area, to deepen the understanding of 
the overall situation regarding land use changes and the future of groundwater recharge, 
more research is needed. One of the aims of this study was also to examine whether the 
collected field infiltration data can be modelled with infiltration models. Finding a suitable 
model could help future researches conduct infiltration measurements, as it decreases the 
need for long field measurements. According to the results of this study three out of four 
selected infiltration models were capable to model the infiltration process within the study 
area. This study suggests that Horton’s infiltration model is most suitable to model the 
infiltration process in the Taita Hills environment (Table 14). The results suggest that 
Green and Ampt’s model overestimates and Philips model underestimates the saturated 
infiltration rates in most cases, whereas the Modified Kostiakov’s model was found 
incapable to produce models for the collected infiltration data. Similar results in similar 
environments were conducted by e.g. Ramesh et al. (2010) and Ogbe et al. (2011), but on 
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the other hand, there are also several studies that suggest other models as better for similar 
environments (Ahmed & Duru 1985; Návar & Synott 2000; Bamutaze et al. 2010; Igbadun 
et al. 2016). It is therefore suggested that in studies conducted in the Taita Hills area, 
several infiltration models are tested prior to model selection until more research is 
available in the field of infiltration modeling. 
 
Table 14: Comparison of the goodness of fit of Philip, Green and Ampt and Horton’s 
infiltration models. RMSE=root mean square error, COR=correlation between observed 
and predicted values. 
 
 
 
10. Uncertainties and advise for further research 
 
This is the first published infiltration study conducted in the Taita Hills area. To obtain 
more information about the effects of land use on infiltration, more similar studies are 
needed. As in all scientific studies, there are certain factors of uncertainty, which should 
be taken into consideration in this study, too. The uncertainties of this study are mostly 
related to the quantity and quality of the field infiltration data. The quantity of data in this 
study was limited due to the short field period and the unexpected logistical demands. The 
quality of the data may have been better if it would have been possible to apply the double-
ring infiltrometer method discussed in chapter 6.1 Infiltration.  
In further research special attention should be paid on the planning of water logistics. A 
car and several assistants, who can help carry water and are able to drive and fill water 
canisters, while others conduct measurements, are recommendable. It is also 
recommendable to record the changes of water level in forests in no less than one-minute 
intervals. It is easier to fit infiltration models to data that consists of many data points.   
SIR (mm/h) RMSE COR SIR (mm/h) RMSE COR SIR (mm/h) RMSE COR
FOREST 3459 6.49 0.84 4020 8.60 0.77 3430 4.63 0.90
CULTIVATION 1396 3.27 0.91 1935 4.86 0.80 1601 1.81 0.96
GRAZING LAND 339 1.06 0.88 490 1.45 0.81 463 0.88 0.91
PHILIP GREEN AND AMPT HORTON
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       Figure 31: Measurement water was transported with the Taita Research Station’s car 
 
11. Conclusions 
 
Water is a natural resource essential for life and human well-being. Population growth and 
the associated expansion of agricultural lands are a general trend in the highlands of East 
Africa. The findings of this study suggest that the conversion of forests to agricultural lands 
increases soil bulk density and decreases soil organic matter, which are important 
infiltration controlling soil properties also according to this study. The decreases in 
infiltration rates lead to losses in ground water recharge and overall water availability. To 
overcome these problems, it is suggested that the existing forests are conserved and more 
forests are planted. In addition agroforestry – an agricultural management system in which 
trees or bushes are planted to cultivated fields – is suggested to be utilized in the Taita Hills 
area. The planted trees protect the soil from compaction and increase the soil organic matter 
input, which, according to this study, has a positive impact on infiltration rates. 
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Appendices 
Appendix 1:  The complete infiltration modeling data set, including the steady state 
infiltration rates produces by the Horton, Green and Ampt, Philip and Modified 
Kostiakov model and the corresponding Root Mean Square Error (RMSE) and 
correlation between the observed and predicted values (COR). 
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Appendix 2: Infiltration curves produced by the Horton, Green and Ampt, Philip and 
Modified Kostiakov model 
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Appendix 3.1:  The double ring infiltrometer method 
 
 
Appendix 3.2: Comparison of the single ring and double ring infiltrometer methods 
 
 
SINGLE RING METHOD DOUBLE RING METHOD
Time (min) Depth (mm) Infiltration rate (mm/h) Time (min) Depth (mm) Infiltration rate (mm/h)
10 350 35 10 260 26
20 620 270 20 530 270
30 900 280 30 810 280
40 1150 250 40 1070 260
50 1440 290 50 1350 280
60 1730 290 60 1640 290
